Purpose Epidemiologic data suggest that in vitro fertilization (IVF) is associated with an increased risk of disorders of placentation including preeclampsia and fetal growth restriction. Specifically, studies have demonstrated that singleton pregnancies conceived following a fresh embryo transfer are at an increased risk of delivering an infant with low birth weight compared to those conceived following a frozen embryo transfer. The mechanism responsible for this association remains unclear. Procedures utilized in IVF have also been linked with epigenetic changes and gene expression changes in both fetal and maternal tissues. Data suggest that modifications in the maternal endometrium can lead to disordered trophoblast invasion and placentation. This study examines the effect of ovarian stimulation on endometrial gene expression and DNA methylation during the window of implantation to examine potential pathways playing a role in the adverse outcomes associated with IVF. Methods Endometrial biopsies were obtained from oocyte donors and age-matched naturally cycling women 11 days following oocyte retrieval in donors or 12 days following luteinizing hormone (LH) surge in naturally cycling women. Global gene expression was analyzed via Affymetrix Human Gene 1.1 ST array and confirmed with RT-qPCR. DNA methylation was assessed with the Infinium DNA methylation 450 K BeadChip. Results Analysis of endometrial gene expression from 23 women (11 oocyte donors and 12 controls) demonstrated 165 genes with a greater than twofold change in expression between donors and controls. While there were 785 genes with significant differential methylation in the endometrium of donors when compared with control subjects, none of the genes with altered expression showed significant changes in DNA methylation. Analysis of the differentially expressed genes showed enrichment for genes involved in endometrial remodeling including PLAT, HSPE2, MMP2, and TIMP1. Validation studies using RT-qPCR found a 73% reduction in expression of heparanase 2 (HSPE2) an enzyme associated with both angiogenesis and cell invasion, a greater than twofold increase in tissue-type plasminogen activator (PLAT), a serine protease participating in matrix degradation, and a 70% increase in MMP2, a gelatinase involved in collagen and fibronectin breakdown. Conclusions Superovulation alters expression of genes critical to endometrial remodeling during early implantation. Such changes could lead to altered trophoblast migration and impaired endovascular invasion. These findings offer a potential mechanism for the adverse perinatal outcomes observed following embryo transfer during fresh IVF cycles.
Introduction
Singleton pregnancies conceived through in vitro fertilization (IVF) have an increased risk of adverse outcomes including growth restriction, preeclampsia, and placental abruption [1] [2] [3] [4] [5] [6] [7] [8] . Animal studies have confirmed that at least some of these outcomes are associated with the IVF procedures themselves, and are not solely due to the underlying infertility diagnosis [9] [10] [11] [12] [13] [14] [15] [16] [17] . To reduce the incidence of adverse pregnancy outcomes following assisted reproductive technologies (ART), it is critical to identify the modifiable factors contributing to these outcomes.
One intervention that has been consistently associated with adverse outcomes in both human and animal studies is superovulation with gonadotropins [16, [18] [19] [20] [21] [22] . In fresh autologous IVF cycles, the oocyte, the developing embryo, and the maternal endometrium are all exposed to a supraphysiologic hormonal environment created through superovulation. Epidemiologic studies have suggested that singleton pregnancies conceived following an autologous fresh IVF cycle with blastocyst transfer may be more likely to be affected by preeclampsia and result in infants small for gestational age [23] when compared to infants born following a frozen embryo transfer cycle, when the hormonal environment during implantation is more physiologic [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . In addition, clinical studies have demonstrated an association between response to gonadotropins and adverse perinatal outcomes in fresh IVF cycles: women with a vigorous response to gonadotropins, reflected by high estradiol levels on the day of hCG administration, have an increased rate of small for gestational age offspring as well a greater risk of preeclampsia [37, 38] . These findings suggest that the peri-implantation hormonal environment is affecting placentation and fetal growth.
These data are not surprising as studies in both humans and in animal models demonstrate that many preexisting maternal conditions, as well as various peri-conception exposures, increase the risk of adverse perinatal outcomes [5, 6, 35, [39] [40] [41] [42] [43] [44] [45] [46] [47] . However, the exact mechanisms responsible for the effects of superovulation on placentation are largely unknown. Many adverse pregnancy outcomes, including preeclampsia, intrauterine fetal growth restriction, preterm birth, and placenta accreta, have all been associated with abnormal trophoblast (fetal-derived placental precursors) migration and invasion, a critical step of embryo implantation and placentation [48] [49] [50] [51] . While trophoblast invasion is under some autocrine control, there is accumulating evidence that signals originating in maternal decidua regulate early placentation [52] . Therefore, we hypothesized that changes to the maternal decidua, even prior to the arrival of the embryo, were responsible for, at least some of the adverse outcomes associated with IVF. Several prior studies have demonstrated that superovulation leads gene expression changes in the endometrium [53] [54] [55] [56] [57] [58] . However, these studies have yet to uncover a link between the reported gene expression changes and the adverse outcomes associated with ART.
We, and others, have demonstrated that IVF leads to epigenetic changes in placental and fetal tissue [16, [59] [60] [61] [62] [63] . In addition, previous data has shown that the endometrium undergoes epigenetic changes throughout the menstrual cycle and in response to steroid hormone administration [64, 65] . Specifically, variation in DNA methylation and expression of correlating genes has been observed throughout the menstrual cycle and in response to estrogen and progesterone, demonstrating that the epigenetic profile of the endometrium is dynamic and responsive to steroid hormone exposure [65] . These findings led us to hypothesize that gene expression changes seen in the endometrium following gonadotropin stimulation may be due to epigenetic modifications resulting from superovulation. Therefore, in this study we examine gene expression in the decidualized endometrium following superovulation and during natural cycles to identify novel genes that could affect early placentation and assess whether the changes observed in gene expression are due to changes in DNA methylation following superovulation.
Materials and methods

Human subjects
This is a prospective pilot cohort study of women undergoing donor oocyte IVF cycles and age-matched controls who consented to endometrial biopsy, genetic, and epigenetic studies. Studies were approved by the IRB of the University of Pennsylvania and written informed consent was obtained from all subjects. All women were between the ages of 21 and 40, with no significant medical history and no history of infertility (defined as 1 year of attempted pregnancy without conception) with regular menstrual cycles. Oocyte donors underwent ovarian stimulation with recombinant or purified-urinary follicle stimulating hormone and/or human menopausal in either a luteal phase Lupron protocol or a GnRH antagonist protocol. Gonadotropin dose was chosen based on patient characteristics and was adjusted during stimulation as clinically indicated based on patient response. Oocyte maturation was induced with Novarel® (Ferring) administered intramuscularly followed by transvaginal egg retrieval 36 h later. Fertilization, by intracytoplasmic sperm injection (ICSI) was performed for male factor as clinically indicated. Conventional insemination or ICSI and embryo culture were performed utilizing appropriate media (VitroLife; Gothenburg, Sweden) in microdroplets under oil. Endometrial biopsies were taken from donors 11 days after ultrasound-guided oocyte retrieval. Controls were healthy women with regular menstrual cycles, not attempting pregnancy, with no recent exposure (at least 3 months) to hormonal contraception, no history of infertility (defined as 1 year of attempted pregnancy without conception), and a documented negative pregnancy test. Endometrial biopsy was obtained 12 days after an LH surge, which was detected in the urine by the Clearblue® Ovulation Test. Samples were obtained u s i n g a P i p e l l e ® E n d o m e t r i a l S u c t i o n C u r e t t e (CooperSurgical). Samples were collected in RNA later and stored at − 20°C until DNA and RNA extraction.
DNA/RNA extraction
Genomic DNA and total RNAwere isolated from each sample using Qiagen Allprep DNA/RNA Mini Kit per manufacturer's instructions. DNA and RNA concentrations and quality were inspected and quantified by a NanoDrop spectrophotometer (Thermo Fischer Scientific).
Gene expression
Synthesis of cDNA, amplification, generation of sense-target cDNA, fragmentation, and labeling were performed using the WT-Ovation Pico RNA Amplification system, WT-Ovation Exon Module, and FL-Ovation cDNA Biotin Module V2 (NuGEN Technologies, Inc.) per the manufacturer's protocol. All samples were processed together, and 5 μg of RNA from each sample was submitted to the Penn Micro-Array Facility for Gene-Chip Hybridization. Samples of cDNA were hybridized to the Affymetrix GeneChip Array, then washed, and stained on fluidics stations and scanned at a resolution of 3 lm according to the manufacturer's instructions.
Statistical analysis of the microarray data was performed by the Penn Bioinformatics Core using Partek Genomics Suite to generate a gene list with statistical differences in gene expression. Hierarchical clustering analysis and principal components analysis were performed to assess the variability of the samples. A false-discovery rate of 0.05 was used to generate a list of genes with statistically significant differences in endometrial expression between the endometrium from donors and the controls. Principal component analysis was used to visualize global variation among the samples. The Database for Annotation, Visualization, and Integrated Discovery [66] and Ingenuity Pathway Analysis (IPA) was used to assess whether the resulting gene list represented disruption of specific pathways or molecular interactions.
Validation of gene expression changes
Validation of microarray gene expression by quantitative polymerase chain reaction (qPCR) was performed using the same set of samples used for microarray. Synthesis of cDNA was performed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems) using 2 μg of RNA. Real-time quantitative PCR (qRT-PCR) was performed with the ABI Prism 7900HT Sequence Detection System (Applied Biosystems). Each reaction was performed in 10 μl with 50 ng of cDNA template. Each sample was run in triplicate, and the reactions were carried out for 40 cycles. The following taqman p r o b e s w e r e u s e d C T S L ( H s 0 0 9 5 2 0 3 6 _ m 1 ) , MMP2(Hs01548727_m1), MMP26(Hs00983740_m1), SERPINA5(Hs04333915_m1), TIMP(Hs00171558_m1), HPSE2(Hs00222435_m1), and PLAT (Hs00263492_m1). Gene expression was normalized to reference gene RNAPOL2 (HS00172187_m1), and relative gene expression was calculated using the ΔΔCT method [67] . Fold change is expressed as mean ± standard deviation (SD). Comparison of gene expression between the endometrium of donors and controls was performed using a two-tailed Student's t test with a p < 0.05 considered significant.
DNA methylation analysis
Genomic DNA (1 μg) was bisulfite converted using the EpiTect bisulfite kit (Qiagen, Valencia, CA USA) according to the manufacturer's protocol. Samples were submitted to the Center for Applied Genomics (Children's Hospital of Philadelphia) for methylation analysis on the Illumina Infinium Methylation Assay. Whole-genome DNA methylation of all 24 samples were profiled by the Illumina Infinium HumanMethylation450 BeadChip (Illumina, San Diego, CA), following the Illumina Infinium HD Methylation protocol [68] . The Infinium 450 K methylation array, interrogates over 485,000 CpG sites with an average of 17CpGs per gene, distributed over promoter, 5′UTR, exons, and 3′UTRs. Raw methylation value (β value) of each CpG ranges from 0% (completely unmethylated) to 100% (completely methylated) and was preprocessed by internal control probes specifically designed for the HumanMethylation450 BeadChip. CpG probes were excluded if they had intensities indistinguishable from background noises or were non-CpG probes, SNP-CpG probes, or cross-reactive probes [69] . Smooth quantile normalization approach [70] and beta-mixture quantile normalization method (BMIQ) [71] were applied to adjust for the potential biases due to two color channels and two types of CpG probes. Parametric empirical Bayes frameworks [72] was used to eliminate potential batch effect (3 different chips used for 24 samples), which initially accounted for 5.8% of total variability of the raw DNA methylation data and nearly 0% after data normalization. After above quality control steps, 428,034 eligible CpGs remained for subsequent differential analysis. The majority of CpGs covers 99% of RefSeq genes spanning from promoter region (41%), gene body (31%) to 3′ UTR region (3%), and about 25% are located in intergenic regions [68] .
Linear regression models were used to compare β levels of 428,034 CpGs between donor and control groups, adjusted for age. Instead of controlling for type I error rates, we controlled the false discovery rate (FDR) at the level of 0.05 [73] . Statistical analysis was carried out using the R package version 3.1.1.
Results
Patient characteristics Gene expression
Gene expression changes between the endometrium of donors and controls were compared using the Affymetrix Human Gene 2.0 ST array. This array covers greater than 44,000 genes and contains over six million distinct probes. Using a false discovery rate of 0.05, we found that 641 genes had a greater than 1.5-fold change in expression, and 165 genes had a greater than twofold change in gene expression between donors and controls (Supplemental Table 1 ). Principle component analysis showed tight clustering of the donor samples while endometrial expression in the controls showed marked variability between samples (Fig. 1a) . As our donors had received two different stimulation protocols, we performed principle component analysis on the endometrium of oocyte donors based on protocol and found no clustering of gene-expression by stimulation protocol (Fig. 1b) .
Ingenuity pathway analysis identified a number of networks and pathways playing a role in early trophoblast invasion and placentation. Specifically, the top network identified in our differentially expressed gene list was connective tissue disorders, while the top three canonical pathways identified were natural killer cell signaling, coagulation system, and extrinsic prothrombin activation pathway. As expected, among the top upstream regulators was progesterone, in addition to dexamethasone and IL1β. Progesterone mediated expression of 20 of the differentially expressed genes including MMP26.
Further analysis of our networks and pathways showed enrichment for multiple genes involved in extracellular matrix degradation, specifically, proteases, glycosidases, and their inhibitors. Real-time qPCR was utilized to validate a number of these genes on the microarray. We found a 73% reduction in expression of heparanase 2 (HSPSE2), an enzyme associated with both angiogenesis and cell invasion (p = 0.0007), as well as a 81% reduction in cathepsin L, a cysteine protease that cleaves the N-terminal of collagen (p = 0.01). (Fig. 2a, b) . There was also a statistically significant reduction in SERPINA5 and MMP26 (p < 0.05), though there was great variation among individuals for these transcripts. (Fig. 2c, d ) Conversely, superovulated endometrium demonstrated a greater than twofold increase in tissue-type plasminogen activator (PLAT), a serine protease participating in matrix degradation (p = 0.01) (Fig. 2e) . There was also a 70% increase in MMP2, a gelatinase involved in collagen and fibronectin breakdown (p = 0.01) (Fig. 2f ).
Differential methylation
In order to identify epigenetic changes resulting from superovulation, DNA methylation in samples from the endometrium of oocyte donors was compared to the endometrium from control subjects. In order to limit our analysis to clinically relevant changes, we considered genes differentially methylated if the difference in β value was > 0.1, corresponding to a difference in methylation of at least 10% between the endometrium of oocyte donors and controls. Using this cutoff as well as a false discovery rate of 0.05, we found 3322 genes with differential methylation in at least one CpG site. As the biological significance of hypo-or hyper-methylation in a single CpG sites remains unclear, we further limited our list to only include genes demonstrating methylation changes in the same direction in at least three CpG sites and at least 20% of the represented CpGs [74] . Using these stringent criteria we found 785 genes with significantly different methylation in the endometrium of oocyte donors when compared with control subjects. Of these genes, 89 were hypomethylated, while 696 were hypermethylated in the superovulated endometrium. Supplementary Table 2 lists the 20 genes with the greatest proportion of abnormally methylated CpGs in our data set. Supplementary Table 3 lists the 20 genes with the greatest mean difference in methylation among differentially methylated CpG sites. We compared gene lists of differential expression between the endometrium of oocyte donors and controls with all genes with significant differences in DNA methylation and found no overlap in the gene lists.
Twelve control endometrial biopsies and 12 endometrial biopsies from egg donors were collected and analyzed for DNA methylation and gene expression by microarray. After the biopsies were collected, one donor was excluded from the analysis because she was noted to have recei ved a gonadotropin-releasing hormone agonist (leuprolide acetate) for final oocyte administration, as opposed to hCG. There was no difference in median age between controls and donors (controls 24 years vs donors 25 years, p = 0.83). Of the 11 donor cycles, 4 received a downregulation protocol with luteal phase leuprolide acetate, while 7 received a gonadotropin releasing hormone antagonist protocol. Duration of stimulation ranged from 8 to 12 days (median 11 days); estradiol values in the donors on day of hCG ranged from 1213 to 3270 pg/mL (median 2143 pg/mL), and total gonadotropin dose ranged from 1300 to 7225 IU (median 1550 IU).
Discussion
Fresh IVF cycles have been associated with an increased risk of abnormal placentation leading to lower birth weight when compared to pregnancies occurring after either natural conceptions or frozen embryo transfer [25, 28, 35, 36] . This phenomenon has been suggested to be due the altered periimplantation environment created through superovulation that occurs during fresh IVF cycles [20, 46] . Here, we demonstrate that superovulation alters endometrial expression genes critical to endometrial remodeling during early placentation. This data provides a potential mechanism for the increased incidence of disorders of placentation observed following fresh IVF cycles. Though this study compares the endometrium of superovulated oocyte donors to the endometrium of naturally cycling women, the hormonal milieu during frozen embryo transfer cycles more closely resembles the latter group. Nevertheless, future studies examining endometrial gene expression following hormonal preparation for a frozen embryo transfer cycle are necessary to confirm these gene expression changes persist. Previous studies have shown difference in endometrial gene expression between superovulated and natural cycles, with alterations seen in numerous pathways including the Wnt-signaling pathway and immunomodulation [42, 75, 76] . However, many of these studies were performed prior to the published epidemiologic data demonstrating differences in perinatal outcomes between fresh and frozen embryo transfer cycles. Animal studies have also demonstrated changes in endometrial gene expression following superovulation, though these results differed from our gene lists [77] . However, the phenotype following IVF and frozen embryo transfers differs in animal models compared to what is observed in humans, and these differences may be attributed to inherent differences in endometrial receptivity and placentation in an epitheliochorial versus hemochorial model. In this study, we identify a potential mechanism by which superovulation may affect early trophoblast invasions and placentation in humans and lead to the observed increase risk of adverse fetal outcomes observed following fresh IVF cycles. Placentation is controlled by both fetal and maternal factors, allowing trophoblasts to migrate into the maternal decidua and penetrate the maternal spiral arteries and replace the maternal endothelium. This process involves tissue remodeling and the degradation of extracellular matrix (ECM) by proteases and glycosidases and their inhibitors. A correct balance of these factors is necessary to prevent abnormal placentation and adverse fetal outcomes [78] . In this study, we identify and confirm altered expression of multiple members of the proteolytic pathway involved in ECM breakdown in the endometrium following superovulation during the period of early implantation (Fig. 3) , suggesting that the hormonal milieu following a fresh IVF cycle may result in an imbalance of these factors resulting in altered growth and placentation.
The extracellular matrix in the maternal decidua is composed of multiple components including laminin, collagen, heparin sulfate proteoglycan, and fibronectin. Trophoblast invasion and ECM degradation are critical to implantation, tissue remodeling, and uteroplacental vascular development. One family of proteases known to be critical to ECM degradation during trophoblast invasion is the matrix metalloproteinases (MMPs) [79] . MMPs target many ECM proteins including proteoglycans, fibronectin, and laminin. In this study, we found a significant increase in MMP2 gene expression in the endometrium of oocyte donors. MMP2 is a gelatinase that has been localized to the placental bed in early pregnancy and can be found in the maternal glandular epithelium and vascular endothelial cells as well as the extravillous trophoblasts in the first trimester [80] [81, 82] . Elevated levels of MMP2 have been detected in serum of patients with early pregnancy failure [83] . We also identified a significant reduction in MMP26, known to have spatiotemporal changes in expression in the rhesus monkey during the menstrual cycle [84] . MMP26 cleaves fibrinogen, fibronectin, and vitronectin and denatures collagen, and in tumor cells be critical for tumor progression [85] . Interestingly, the imbalance between matrix metalloproteinases and their tissue inhibitors has been hypothesized to be involved in the pathogenesis of preeclampsia and gestational trophoblastic diseases [86] . In these data, these pathways were under epigenetic regulation by histone trimethylation as opposed to altered DNA methylation.
We also detected other changes in the fibrin degradation pathway. Following superovulation, there was increased expression of PLAT, the gene encoding tissue-type plasminiogen activator (tPA), a serine protease responsible for plasminogen conversion to plasmin, a fibrinolytic enzyme. The balance between plasminogen activator and its inhibitor, PAI-1, is believed to regulate trophoblast invasion. In addition, there was Fig. 3 Schematic of endometrial remodeling in embryo invasion and early placentation. We found altered expression of multiple members of the proteolytic pathway involved in ECM breakdown in the endometrium following superovulation during the period of early implantation a reduced expression of SERPINA5, also known as protein C inhibitor, a serine peptidase inhibitor known to modulate PLAT activity [87] . Similarly, we found changes in proteases critical to collagen and HSPG breakdown. Both cathepsin L and heparanase were downregulated in our superovulated endometrium. Cathepsin L is a cysteine protease that cleaves the n-terminal peptide of collagen. In the rodent model, partial inhibition of cathepsin was found to lead to stunted embryonic growth, while increased inhibition led to implantation failure [88] . Heparanase is a glucoronidase that cleaves heparin sulfate. Animal models have shown that heparanase expression increases during pregnancy [89, 90] , and lower levels have been associated with spontaneous abortions in humans [91, 92] .
Gene expression can be modulated through multiple mechanisms including direct binding of transcription factors as well as epigenetic mechanisms including DNA methylation and histone modifications. We and others have identified changes in methylation in cord blood and the placenta in children conceived through IVF when compared to naturally conceived children. DNA methylation has been recognized as a strong contributor to fetal growth and placentation [93] . In addition, recent studies have demonstrated changes in DNA methylation during the menstrual cycle and in response to steroid hormone exposure [65] . These findings led us to hypothesize that superovulation could affect early placentation through epigenetic changes in DNA methylation in the endometrium. However, in this study, we failed to correlate the changes in gene expression to the changes in DNA methylation. This suggest that alternate methods may be controlling the aberrant expression of differentially expressed genes found in our data. Further studies examining histone modifications and miRNA are currently being performed to investigate alternate epigenetic mechanisms that may be regulating our endometrial gene expression.
While other epigenetic changes not examined in this study may be responsible for the gene expression changes observed, the changes seen in gene expression may not be related to epigenetics, but rather, may be secondary to alternations in other factors affected by superovulation. In vitro studies suggest that the plasminogen activator pathway and MMP9 may be regulated by VEGF [94] . VEGF is expressed by the endometrium, the embryo, and the corpus luteum and has been shown to be elevated following gonadotropin stimulation. Therefore, the alterations in placentation seen following fresh IVF cycles may be due to the elevated serum VEGF levels altering ECM breakdown during early placentation. Clearly, further studies in animal models are necessary to further investigate this pathway.
While this is a pilot study and thus limited in sample size, the data are strengthened by the fact that the samples were similar in age, and neither the control, nor the experimental group had an infertility diagnosis. We understand there are limitations of this study, including acknowledgement that endometrial biopsy recovers multiple cell types and more subtle differences in DNA methylation or gene expression in a single cell type may be lost in these samples. Additionally, the donors underwent different stimulation protocols and did not receive luteal support, though all received an hCG trigger. We believe the significant changes in gene expression that we found, despite the variation in treatment between the donors, represent clinically relevant changes that may be influencing outcome. Since the adverse effects observed clinically following fresh IVF cycles do not appear to be affected by stimulation protocol, this further strengthens our hypothesis that altered ECM invasion may be responsible for the adverse outcome. As early implantation is nearly impossible to examine in vivo, it is critical to further investigate this pathway in animal models. The information gained by these data not only can aid us in modifying our current treatment decisions, but can also inform our understanding of the mechanism(s) responsible for disorders of placentation and perinatal growth. 
